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Abstract. At present, a study on the end corrections of extended inlets and outlets of expansion 
chamber gas mufflers is relatively mature. However, such a research for an expansion chamber 
hydraulic suppressor has not been made yet. A coaxial and a non-coaxial expansion chamber 
configurations were introduced into hydraulic systems in this paper, and one-dimensional (1D) 
analytical approach was used to construct mathematical models of these structures and to verify it 
by experiments. After that, combined with the finite element method (FEM), researches on 
whether end corrections of the structures are applicable or not were studied. 
Keywords: hydraulic noise suppressor, expansion chamber, extended inlet, extended outlet, end 
correction. 
1. Introduction 
Pressure pulsation waves propagating in a hydraulic pipe are generally considered to be plane 
waves propagating along the axial direction. However, the relevant data analysis indicate that even 
in the range of the cut-off frequency, the calculation results of the plane wave theory will gradually 
deviate from the measurement results as the frequency increases [1]. Though this deviation may 
be caused by the dissipation effect of higher modes which are excited by discontinuous areas, so 
end corrections can be introduced to improve the accuracy of the plane wave theory [1, 2]. 
Karal took the lead in studying the acoustic effects of an infinite circular pipe which cross 
section suddenly changed [3]. Kergomard and Garcia got the end correction of circular pipe 
radiation to semi-infinite space when the frequency tended to zero, and the results are similar to 
those obtained by Norris and Sheng [4, 5]. Peat used 1D analytical approach and FEM to study 
the effect of higher-order evanescent modes generated at the junctions and got the Karal correction 
factor [6]. Åbom studied expansion chambers with extended inlets and outlets and got the 
four-pole parameters considering the higher-order mode effects [7]. Sahasrabudhe and Munjal 
used the FEM to calculate the Karal correction factor of coaxial and non-coaxial discontinuities 
[8]. Torregrosa et al. applied the FEM to calculate the end corrections of the extended inlet and 
outlet of a coaxial expansion chamber muffler and studied the effects of diameter ratio for them 
[9]. Besides, Chaitanya and Munjal studied the effect of wall thickness of the inlet and outlet ducts 
[10]. Selamet and Ji used a three-dimensional (3D) analytical approach to analyze the end 
correction of a circular pipe connected with a circular asymmetric cavity [11]. Further, Kang and 
Ji analyzed the effects of chamber length, duct extension and diametric ratio on the end correction 
[12]. However, the focus of the existing literature [3-12] is on gas mufflers. No one has considered 
the higher-order mode effects for expansion chamber hydraulic suppressors with extended inlets 
and outlets. 
In this paper, expansion chamber hydraulic suppressors were designed and validated 
experimentally. Then, the 1D analytical approach was combined with the 3D FEM to study 
whether the end corrections of extended inlets and outlets of coaxial and non-coaxial expansion 
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chamber hydraulic suppressors are applicable or not. 
2. Method and experiment 
2.1. Method 
When the noise frequency is lower than the cut-off frequency of a muffler, the plane wave 
theory can be used to analyze the filtering characteristics [1]. In order to apply this theory to the 
analysis of acoustic characteristics of hydraulic suppressors, the following assumption was made 
[1, 2, 13]: 
1. The hydraulic oil in the pipeline has laminar flow without tangential velocity component. 
2. Compared with the environmental state, pressure pulsation is regarded as a small amplitude 
disturbance and the Mach number is very low. Therefore, the mean flow can be neglected. Also, 
compared with the density of the medium, perturbations on density are very small. 
3. Compared with the pipe diameter, the pipeline is longer, so the effect of the end point can 
be ignored. 
4. The time dependence is assumed to be of the exponential form 𝑒௝ఠ௧ where 𝜔 is the angular 
frequency. 
According to the above hypotheses, the 1D wave equation admits a general solution [1]: 
𝑝ሺ𝑥, 𝑡ሻ = 𝐴𝑒௝ሺఠ௧ି௞௫ሻ + 𝐵𝑒௝ሺఠ௧ା௞௫ሻ, (1) 
and therefore: 
𝑢ሺ𝑥, 𝑡ሻ = 1𝜌଴𝑐 ൣ𝐴𝑒௝ሺఠ௧ି௞௫ሻ − 𝐵𝑒௝ሺఠ௧ା௞௫ሻ൧, (2) 
where 𝑝  is the fluctuating pressure, 𝑥  is the axial coordinate, 𝑘  is the wave number, 𝑐  is the 
velocity of wave propagation, 𝜌଴ is the density of the medium, 𝐴 and 𝐵 are coefficients and 𝑢 
stands for particle velocity. When using Eqs. (1), (2), the transfer matrix of a uniform tube can be 
written as: 
ቄ𝑝௥𝑣௥ቅ = ൤ cos(𝑘ℓ௥) j𝑌௥sin(𝑘ℓ௥)𝑗 𝑌௥⁄ sin(𝑘ℓ௥) cos(𝑘ℓ௥) ൨ ቄ𝑝௥ିଵ𝑣௥ିଵቅ, (3) 
where 𝑣 is the mass velocity, 𝑌 is the corresponding characteristic impedance. The transfer matrix 
for the 𝑟th element can be denoted by ሾ𝑇௥ሿ. {𝑝௥, 𝑣௥} is called the state vector at the upstream point 
𝑟, and {𝑝௥ିଵ, 𝑣௥ିଵ} is called the state vector at the downstream point 𝑟 − 1.  
For types of extended-tube resonators, the equivalent impedance 𝑍௥ at the junction is given by 
Eq. (3), that is [2]: 
𝑍௥ = 𝑌௥ 𝜍௘௡ௗcos𝑘ℓ௥ + 𝑗𝑌௥sin𝑘ℓ௥𝑗𝜍௘௡ௗsin𝑘ℓ௥ + 𝑌௥cos𝑘ℓ௥ , (4) 
where 𝜍௘௡ௗ is the normal impedance. 
Therefore [2]: limచ೐೙೏→ஶ𝑍௥ = −𝑗𝑌௥cot𝑘ℓ௥ . (5) 
Further, transfer matrix of a lumped element can be written as [2]: 
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ቄ𝑝௥𝑣௥ቅ = ൤ 1 01 𝑍௥⁄ 1൨ ቄ𝑝௥ିଵ𝑣௥ିଵቅ. (6) 
2.2. Experimental validation 
In order to validate whether this method is applicable to hydraulic systems, Eqs. (3) and (6) 
were used to simulate a hydraulic suppressor for a simple expansion chamber (SEC) and a 
double-tuned extended-tube chamber (DTETC), which are shown in Figs. 1, 2. Moreover, here 
𝑡stands for wall thickness. 
 
a) Elevation view 
 
b) Left view 
Fig. 1. Scheme of simple expansion chamber (SEC) hydraulic suppressor: 
𝐿 = 175 mm, 𝐷ଵ = 𝐷ଶ = 38.6 mm, 𝐷 = 68 mm, 𝑡 = 2 mm, 𝐿ଵ = 𝐿ଶ = 74 mm 
 
a) Elevation view 
 
b) Left view 
Fig. 2. Scheme of double-tuned extended-tube chamber (DTETC) hydraulic suppressor: 𝐿 = 175 mm, 
𝐿௔ = 𝐿/2, 𝐿௕ = 𝐿/4, 𝐷ଵ = 𝐷ଶ = 38.6 mm, 𝐷 = 68 mm, 𝑡 = 2 mm, 𝐿ଵ = 𝐿ଶ = 74 mm 
A scheme of the test rig can be seen in Fig. (3). Flow is provided to the system from a 9 piston 
axial piston pump driven by a variable frequency drive (VFD). The data from each pressure sensor 
are collected by a data acquisition card mounted inside of a PC. 
 
Fig. 3. Scheme of test setup for measurement of pressure pulsation of hydraulic suppressor 
The hydraulic suppressors and their components are shown in Fig. 4. 
The cut-off frequency, 𝑓௖௨௧ି௢௙௙, of Figs. 1, 2 is given by [2]: 
𝑓௖௨௧ି௢௙௙ = 1.84𝜋 𝑐𝐷 ≈ 12058 Hz, (7) 
where 𝐷 is the tube diameter. 
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Fig. 4. Experimental devices of SEC and DTETC: 1 – union joints, 2 – pressure sensors,  
3 – inserted tubes, 4 – expansion chamber cavity 
Considering the limitation of experimental installations, the frequency band is defined as 
2000 Hz. The given configurations have been validated below. 
Figs. 5, 6 show the experimental validation for SEC and DTETC hydraulic suppressors. It is 
clear that predictions of the 1D analytical approach presented here compare well with those 
observed experimentally. 
 
Fig. 5. Comparison of theoretical IL of SEC  
with experimental measurements 
 
Fig. 6. Comparison of theoretical IL of DTETC  
with experimental measurements 
3. Finite element method 
Acoustic domain of the hydraulic oil is discretized into a number of finite elements, and then 
the use of the Galerkin formulation for the acoustic system yields [1, 2, 10]: (ሾ𝐾ሿ − 𝑘ଶሾ𝑀ሿ)ሼ𝑝ሽ = −𝑗𝜌଴𝜔ሼ𝐹ሽ, (8) 
where ሾ𝐾ሿ and ሾ𝑀ሿ are the stiffness and inertia matrices respectively. ሼ𝐹ሽ is the forcing vector 
proportional to the normal volume velocity boundary conditions imposed on the face of the 
hydraulic suppressor. At each frequency, the system of equations is set up and solved to obtain 
pressure distribution, ሼ𝑝ሽ. Once the system of equations is solved, the pressure pulsation and mass 
velocity are calculated at the inlet and outlet, respectively, and the transmission loss (TL) is 
calculated. 
4. End corrections 
Even though the study on the end corrections of the extended inlet and outlet of a expansion 
chamber muffler is mature, the applicability of this theory to hydraulic suppressors should be 
discussed, since the characteristics of hydraulic oil are different from those of gases. In order to 
account for coaxiality of inserted tubes, two different configurations were put forward as shown 
below. 
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4.1. Study on end corrections of coaxial expansion chamber hydraulic suppressor 
The geometry shall be modeled as shown in Fig. 7. 
The cut-off frequency of Fig. 7 is given by: 
𝑓ୡ୳୲ି୭୤୤ ≈ 4102 Hz. (9) 
Considering this cut-off frequency, the research spectrum is defined as 4000 Hz. Predictions 
of the 1-D model were compared with those of the 3-D model, as shown in Fig. 8. 
 
a) Elevation view 
 
b) Left view 
Fig. 7. Coaxial expansion chamber hydraulic suppressor with extended inlet and outlet:  
𝐷 = 0.2 m, 𝐷ଵ = 𝐷ଶ = 0.03 m, 𝐿 = 0.36 m, 𝐿௔ = 0.18 m, 𝐿௕ = 0.09 m, 𝐿ଵ = 𝐿ଶ = 0.07 m 
 
Fig. 8. Comparison between 1-D and 3-D models of coaxial expansion chamber 
The Fig. 8 shows that the two peaks of the 3-D curve shift to the left of those of 1-D curve, 
which is similar to the results of corresponding mufflers. Hence, in reference to the acoustic length 
corrections of expansion chamber mufflers, the resonance peaks would occur at [2]: 
−𝑗𝑌cot(𝑘 ⋅ 𝐿௘௙௙) = 0, (10) 
where the effective length 𝐿ୣ୤୤: 
𝐿௘௙௙ = 𝐿୥ + 𝛿. (11) 
Therefore, the end correction is given by [10]: 
𝛿 = 𝑐4𝑓௥ − 𝐿௚, (12) 
where 𝑓௥ is the first resonance frequency evaluated by FEM, 𝐿௚ is the geometrical length of the 
inserted tube. 
Fig. 9 shows that the resonance frequencies due to extended inlet/outlet are observed to occur 
at 1800 Hz and 3500 Hz. Using Eq. (12), the end corrections are calculated as 14.4 mm and 10 mm 
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respectively. Predictions of the 1-D model match with those of the 3-D model only when we added 
the end corrections to the geometric length for use in the 1-D model [10], as shown in Fig. 10. 
Fig. 10 shows that the first two peaks of the 1-D curve are in good agreement with those of 
FEM analysis; that means that the theory of end corrections is applicable to coaxial expansion 
chamber hydraulic suppressors. 
 
Fig. 9. Theoretical TL of extended inlet and  
outlet of coaxial expansion chamber 
 
Fig. 10. Comparison of theoretical TL of revised 1-D 
and 3-D model of coaxial expansion chamber 
4.2. Study on end corrections of non-coaxial expansion chamber hydraulic suppressor 
The theory similar to the one from 4.1 is used to study whether the end correction theory is 
applicable to non-coaxial expansion chamber hydraulic suppressors. The geometry need to be 
modeled as shown in Fig. 11. 
 
a) Elevation view 
 
b) Left view 
Fig. 11. Non-coaxial expansion chamber hydraulic suppressor with extended inlet  
and outlet: 𝐷 = 0.2 m, 𝐷ଵ = 𝐷ଶ = 0.03 m, 𝐿 = 0.36 m, 𝐿ଵ = 0.28 m,  
𝐿ଶ = 0.3 m, 𝐿ଷ = 𝐿ସ = 0.07 m, 𝐻ଵ = 𝐻ଶ = 0.04 m, 𝜃 = 180° 
Predictions of the 1-D model were compared with those of the 3-D model, as shown in Fig. 12. 
Fig. 12 shows that the first peak in the 3-D model is in good agreement with the corresponding 
peak in the 1-D model. However, the second peak in the 3-D model moved to the right of the 
corresponding peak in the 1-D model. Therefore, in order to consider the evanescent 3-D effects 
near the discontinuities, the geometric length in the 1-D model has to be increased by end 
corrections to achieve the effective acoustic length [10], which is the same as in 4.1. By using the 
FEM again, the theoretical TL of the extended inlet/outlet was obtained, as shown in Fig. 13. 
Fig. 13 shows that the resonance frequencies due to extended inlet/outlet are observed to occur 
at 1200 Hz and 1300 Hz. Using Eq. (12), the end corrections were calculated as –8.3 mm and  
–10.8 mm respectively. The results of revised the 1-D model, and those of 3-D model were 
compared with them, as shown in Fig. 14. 
Fig. 14 shows that the second peak of the 1-D curve departs even farther from that of the FEM 
analysis; that means that the theory of end corrections is not applicable to non-coaxial expansion 
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chamber hydraulic suppressors. 
 
Fig. 12. Comparison between 1-D and 3-D model  
of non-coaxial expansion chamber 
 
Fig. 13. Theoretical TL of extended inlet and  
outlet of non-coaxial expansion chamber 
 
Fig. 14. Comparison of theoretical TL of revised 1-D and 3-D model of non-coaxial expansion chamber 
5. Conclusions 
By using the 1D analytical approach and FEM, a preliminary study of end corrections for 
expansion chamber hydraulic noise suppressors was carried out, and the following conclusions 
were obtained: 
1) As for coaxial expansion chambers, the results of revised 1-D methods are in good 
agreement with those of FEM; that means that the theory of end corrections is applicable to this 
structure. 
2) For non-coaxial configurations, the revised 1-D curve departs even farther from the curve 
obtained by FEM; that means that the end corrections theory is not applicable. The reason may be 
that there are lots of physical parameters interacting with each other and even some nonlinear 
effects. Therefore, it needs to be further studied. 
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